Abstract Precisely quantifying the current climate-related sea level change requires accurate knowledge of long-term geological processes known as Glacial Isostatic Adjustments (GIA). Although the major postglacial melting phase is likely to have ended 6-4 ka BP (before present), GIA is still significantly affecting the present-day vertical position of the mean sea surface and the sea bottom. Here we present empirical rsl (relative sea level) data based on U/Th dated fossil corals from reef platforms of the Society Islands, French Polynesia, together with the corresponding GIA-modeling. Fossil coral data constrain the timing and amplitude of rsl variations after the Holocene sea level maximum (HSLM). Upon correction for isostatic island subsidence, we find that local rsl was at least 1.5 6 0.4 m higher than present at 5.4 ka. Later, minor amplitude variations occurred until 2 ka, when the rsl started dropping to its present position with a rate of 0.4 mm/yr. The data match with predicted rsl curves based on global ice-sheet chronologies confirming the role of GIA-induced ocean siphoning effect throughout the mid to late Holocene. A long lasting Late Holocene highstand superimposed with second-order amplitudinal fluctuations as seen from our data suggest that the theoretical predicted timing of rsl change can still be refined pending future calibration.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) predicts a mean sea level rise in the order of 3.5 mm/yr as a consequence of greenhouse warming [Alley et al., 2007] . This is likely to contribute to a sea level rise between 29 and 82 cm by the end of the century [IPCC, 2014] . Since about 10% of human population inhabit low coastal regions and islands [McGranahan et al., 2007] , it is fundamental to understand the frequency and amplitude of the several natural and anthropogenic mechanisms which contribute to sea level variations. In particular, the knowledge of present-day and future sea level changes strongly relies on our understanding of the past sea level variations [Houghton, 1996] . Geological data show that during the Quaternary period, glacial and interglacial climate conditions have been characterized by a transfer of 3% of the global ocean water volume between the continental ice sheets and the oceans [Bard et al., 2010; Blanchon et al., 2009; Eisenhauer et al., 1996; Montaggioni et al., 1996; Montaggioni, 2005; Woodroffe and Horton, 2005] . During the Last Glacial Maximum (LGM; 21 ka) 120-130 m of equivalent sea level were stored in form of large continental ice sheets over North America, Eurasia, Greenland, and Antarctica [Denton and Hughes, 1981] . The post-LGM sea level change was punctuated by short-term periods of slower and faster rise, with higher rates of up to 10-15 m/ka [Bard et al., 1996a; Deschamps et al., 2012; Woodroffe and Horton, 2005] during meltwater pulse 1A (14.6-14.3 ka). Before and after the Younger Dryas event (12.9-11.6 ka) [Carlson, 2010] , the rate of sea level rise was at its maximum [Bard et al., 1996a; Fairbanks, 1989; Blanchon et al., 2009] and caused coral reefs to drown Dullo et al., 1998 ]. Although the trend and rate of global mean sea level (msl) change (commonly known as eustatic sea level change) follows the rate of melting/growth of continental ice masses, several coeval mid to late Holocene sea level indicators based on fossil coral reefs found in different regions show that the timing and amplitude of postglacial sea level variations are not uniform, but strongly depend on the geographical position and varies considerably as a function of the distance from the formerly glaciated areas [Lambeck et al., 2002; Milne et al., 2009; Mitrovica and Peltier, 1991; Mitrovica and Milne, 2002] . Because the msl is an equipotential surface of gravity, it does not only vary in time as a function of addition/removal of ocean water but also spatially according to the Geological evidences from South Pacific and Indian Ocean islands show that the last 6.5 ka were characterized by a 1-3 m rsl drop [Banerjee, 2000; Deschamps et al., 2012; Eisenhauer et al., 1993; Grossman et al., 1998; Woodroffe and Horton, 2005] which can be explained by the GIA-induced ocean siphoning effect and the migration of ocean water toward the subsiding peripheral forebulges that surrounded the formerly glaciated areas in the Northern and Southern Hemispheres [Milne and Mitrovica, 1998; Mitrovica and Peltier, 1991; Mitrovica and Milne, 2002] . As a morphological consequence to Mid and Late Holocene regression, the coral reefs from Indian and Pacific Ocean islands developed extended emerged fossil reef platforms which are currently 1-3 m above the msl [Eisenhauer et al., 1999 [Eisenhauer et al., , 1993 Grossman et al., 1998; Montaggioni and Pirazzoli, 1984; Woodroffe and Horton, 2005] . Because of the geographical location, the late Holocene sea level regression observed at the Indo-Pacific islands is clearly in contrast with the almost eustatic rsl change recorded at the Caribbean islands [Fairbanks, 1989; Woodroffe and Horton, 2005] . Furthermore, superimposed to the general rsl drop, the Indo-Pacific islands show second-order rsl fluctuations in the range of 0.1-1.0 m [Flood and Frankel, 1989; Scoffin and Le Tissier, 1998; Young et al., 1993] which may be attributed to sea surface temperature (SST) variations in the order of 1-2 C [Goelzer et al., 2012; Levermann et al., 2013] .
In general, tropical Pacific areas remain far less understood than their Atlantic counterparts [Camoin and Davies, 1998; Kennedy and Woodroffe, 2002; Montaggioni, 2005] . Also, published rsl records from Indo-Pacific regions and, in particular, from the Society Islands [Montaggioni and Pirazzoli, 1984; Pirazzoli and Pluet, 1991] are mostly based on radiocarbon dating and consequently carry higher uncertainty due to the lack of information about the 14 C residence time [Chappell and Polach, 1991; Eisenhauer et al., 1999; Grossman et al., 1998; Kench et al., 2009; Scoffin and Le Tissier, 1998; . Furthermore, the geographical position provided in earlier studies as well as the corresponding elevation above mean sea level are less constrained due to the lack of modern ''Global Positioning System (GPS)'' and improved tidal and atmospheric pressure corrections.
More robust estimates of mid to late Holocene rsl fluctuations in the Indo-Pacific region can be gained by the comparison of U/Th dated corals from different islands and atolls. In particular, the U/Th dating method is independent of any reservoir ages and provides high precision values ranging from 2 year old sample up to 600,000 year old sample [c.f. Stirling and Andersen, 2009] . However, diagenetic changes related to the recrystallization of aragonite to calcite may obscure the actual age of the samples [Bard et al., 1996b; Eisenhauer et al., 1993; Scholz and Mangini, 2007] .
The present study aims at better constraining the amplitude and timing of mid to late Holocene rsl changes by means of U/Th dating of fossil corals sampled from emerged platforms of the Society Islands (French Polynesia, South Pacific Ocean). The rsl record presented here is compared to theoretical predictions of GIAinduced rsl changes computed for two available global ice-sheet chronologies [Lambeck et al., 1998; Peltier, 2004] by solving the gravitationally self-consistent Sea Level Equation formalism (SLE) [Farrell and Clark, 1976; Mitrovica and Peltier, 1991; Spada and Stocchi, 2007] . Any difference between empirically determined sea level records and theoretical predictions will help to constrain the geophysical models and basic parameters as well as to determine the timing of the postglacial melting of the three major ice reservoirs in NorthAmerica, Europe, and Antarctica.
Samples and Methods

Sample Location
Samples for this study were collected from Society Islands, French Polynesia (Figures 1a and 1b) because these islands are characterized by extended Holocene emerged fossil reef platforms [Davies and Marshall, 1980; Montaggioni and Pirazzoli, 1984; Pirazzoli and Montaggioni, 1986 ] being a direct consequence of the decline of the Late Holocene sea level highstand after 6.5 ka BP. According to the model for epicontinental reef growth [Davies and Marshall, 1980] , the presence of these platforms provide suitable sampling localities for mid to late Holocene sea level variations studies [Eisenhauer et al., 1993; Montaggioni and Pirazzoli, 1984; Pirazzoli and Montaggioni, 1986; Yu et al., 2010] . The Society archipelago comprises more than 10 islands and atolls elongated in 17 52 0 S 149 50 0 W and 15 48 0 S 154 50 0 W direction which spread across 720 km of the Pacific Ocean [Duncan and McDougall, 1976; Montaggioni, 2011; Peltier, 2002; . The islands are elongated in the direction which is virtually parallel to the present absolute motion of the Pacific plate [Blais et al., 2002; Gripp and Gordon, 1990 ; Uto et al., Tables 1 and 2 .
Geochemistry, Geophysics, Geosystems 2007]. These islands are thought to have originated from a volcanic hot spot presently located around the island of Mehetia about 110 km east of Tahiti [Binard et al., 1991; Binard et al., 1993; Blais et al., 2002; Devey et al., 1990; Nolasco et al., 1998 ].
According to published chronological studies, the ages of the islands increase with the distance from a hot spot ranging in age from Mehetia (less than 1 Ma old), to Tahiti (1.67-0.25 Ma old), to Moorea (2.15-1.36 Ma old), to Huahine (3.08-2.06 Ma old), to Tahaa (3.39-1.10 Ma old), to Raiatea (2.75-2.29 Ma old), and to Maupiti 5 Ma old [Duncan et al., 1994; Guillou et al., 2005; Uto et al., 2007; White and Duncan, 1996] . The studies have also shown that, as volcanic islands move away from the hot spot, the oceanic crust becomes progressively cooler and denser and gradually subsiding from the level of its formation. In this case, these Society Islands slowly subside as they move further from its point of origin [Neall and Trewick, 2008] . The Holocene subsidence rate of Society Islands has been determined to be 0 to a maximum of 0.5 mm/yr [Bard et al., 1996a; Fadil et al., 2011; Lepofsky et al., 1996; .
The climate of the Society Islands is tropical with two main seasons. The warm and rainy season (austral summer) runs from November to April. During this period, the conditions are hot and rainy, with the average SST in the order of 28 C whereas the heavy rains are mostly experienced during December and January. These are the most intense rains along the coastline exposed to the trade winds that usually blow from East (South-East) and North-East direction. During May to October (austral winter), the climate is relatively less humid, with a SST in the order of 25 C. The available information indicates the tidal range is between 0.3 and 0.4 m [Bongers and Wyrtki, 1987; Taylor, 1979; Yates et al., 2013] . This is in general accord with the NOAA tide book indicating an average of 0.5 m for the Society Islands [NOAA, 2013; Seard et al., 2011] .
Sample Collection and Preparation
The samples were collected during April to May 2009 during the CHECKREEF expedition to the Holocene emerged reef platforms at Moorea, Huahine, and Bora Bora (Table 1a , b and c). The main targets for sampling have been in situ Porites in general and Porites microatolls in specific. Criteria for in situ sampling have been that fossils corals were found upright in growth position and not showing any indications for later displacement. Samples considered being reworked and transported (conglomerates) in Tables 1 and 2 are not considered for the rsl curve. The position of the corals above the present mean sea level (apmsl) was determined by triangulation of the coral's position to the current position of the mean sea level. To achieve this, the laser was placed on top of the sample with the beam pointing horizontally toward the water table.
Using a meter rule, the measurement of the elevation was determined relative to the laser beam and the water level. This process was repeated up to 15 times where by the local time is recorded. Using tide table and the local time, the elevation relative to the mean sea level was achieved. These elevations were also compared to our GPS measurement during each time. Certainly, this method is burdened with uncertainties because the sea level position is not well defined due to wave action but careful positioning and repeated measurements allowed the determination of coral positions in the order of 60.4 m. Note, concerning the reconstruction of a Late Holocene sea level curve not only the present-day position apmsl rather its past position during corals life time is of certain importance. The past position has to be determined and reconstructed from the individual subsidence rate of the particular island. Local subsidence rates are known (see section 2.4 below) and assumed to be linear. However, the accuracy of the subsidence rate is also burdened with some unknown uncertainty and may also not be linear rather than abrupt and discontinuously. Hence, the uncertainty of about 640 cm attributed to our samples may account for the present-day position but also for the uncertainty induced by the subsidence correction. In addition, the height of sea level may also be obscured by the uncertainty of corals position below sea surface. In order to circumvent at least this problem microatolls are of certain interest.
In particular, the elevation of microatolls (sample no. 24, 25, and 45 in Tables 1 and 2 ) above the sea level put distinct constraints on the position of a past sea level because normally the sea level is only a few centimeters above microatolls surface during their formation [Chappell, 1983; Flora and Ely, 2003; Larcombe et al., 1995; Scoffin et al., 1978; Smithers and Woodroffe, 2001; Woodroffe, 2005] . Selected fossil coral samples were taken out of the platforms using hammers and chisels. The elevation interval from which the samples were taken ranges from 21.5 m to less than 2 m apmsl, respectively. The uncertainty of the sample's elevation determination relative to the present msl was conservatively estimated to be in the order of 60.4m.
Selected samples were cut into slabs (1 cm thick) along the growth direction. Afterward, the slabs were washed with Milli-Q water and dried at room temperature in a clean lab fume hood. Using a diamond saw, samples were further cut into smaller blocks within the parallel growth bands by selecting the best parts visually free from any algal or carbonate infill of the pore volume. These blocks were then cut into small pieces (chips) and transferred into teflon beakers for further cleaning using ultrasonification method [Cheng et al., 2000a] . Cleaned sample were then transferred into a hot plate and dried at 35 C overnight. Each sample was then crushed into powder and the mineralogy of the samples in terms of aragonite or Mgcalcite was determined by X-Ray diffraction (XRD) method. 
Uranium and Thorium Isotope Measurements
Uranium series measurements of coral ages were performed at GEOMAR, Helmholtz Centre for Ocean Research Kiel, Germany. In brief, separation of uranium and thorium from the sample matrix was done using Eichrom-UTEVA resin followed previously published methods [Blanchon et al., 2009; Douville et al., 2010; Fietzke et al., 2005] . Determination of uranium and thorium isotope ratios was done using the multi-ion-counting inductively coupled plasma mass spectroscopy (MC-ICP-MS) approach using the method of Fietzke et al. [2005] . The ages were calculated using the half-lives published by Cheng et al. [2000b] . For isotope dilution measurements, a combined
Th spike was used with stock solutions calibrated for concentration using NIST-SRM 3164 (U) and NIST-SRM 3159 (Th) as combi-spike, calibrated against CRM-145 uranium standard solution (formerly known as NBL-112A) for uranium isotope composition and against a secular equilibrium standard (HU-1, uranium ore solution) for the precise determination of 230 Th/ 234 U activity ratios. Whole-procedure blank values of this sample set were measured between 0.5 and 1 pg for thorium and between 10 and 20 pg for uranium. Both values are in the range typical of this method and the laboratory [Fietzke et al., 2005] .
Correction for the Subsidence of the Islands
Few studies have been focusing on the assessment of the subsidence rates of the Society Islands [e.g., Fadil et al., 2011; Thomas et al., 2012] mostly on Tahiti Island. For Moorea, Huahine, and Bora Bora, and conducted a study based on petrological analysis of emerged reef conglomerate available on the shorelines of the islands. The analysis was based on the close inspection of thin sections of exposed coral reef conglomerates. In their study, they have found different layers of the conglomerates corresponding to different diagenetic sequences. The lower sequence exhibit earlier generations of diagenesis developed within marine phreatic zone corresponding to sub tidal environment (e.g., Magnesian Calcite, Pelleted micrite) within interparticle pore spaces. The upper part exhibit the later generation of diagenesis developed in the marine vadose zone corresponding to mid littoral zone (e.g., irregular rims of truncated aragonite fibres and pendant microstalactites) or the splash zone. Using radiocarbon dating, the type of diagenetic imprint and the stratigraphic elevation of the conglomerates specimen, they have been able to calculate the subsidence rates of the Islands. Based on this study, we have directly applied the subsidence rates of Moorea and Huahine (0.14 mm/yr) and Bora Bora (0.05 mm/yr) islands for correction of the elevations of our samples. Table 2 summarizes all measured uranium and thorium data and the calculated U/Th ages. For uranium and thorium isotope analysis only samples with no detectable traces of calcite were used for measurements. [Andersen et al., 2010] . For the correction of subsidence of the Islands, we have used 0.14 mm/yr for Moorea and Huahine according to . For Bora Bora Island, we have used 0.05 mm/yr U(T) value is expected to change a 4.5 ka old coral in the order of about 5 years. Hence, the average absolute difference of those samples slightly off the accepted value results in an age uncertainty of about 620 years. Latter value is within the age uncertainty of our samples being in the order of about 20-30 years and can therefore be considered to be negligible.
Results and Discussion
U/Th-Age Dating
Society Island Relative
Sea level Curve, Subsidence Correction, and Statistical Age Distribution 4.1. In Situ Corals and Microatolls For establishing an empirical relative sea level curve based on observation only those corals which can be considered to be in situ and being not displaced have to be taken into account. Following this approach we neglect sample Nos. 4, 5, 6 (Tables 1a and 2 ; marked by dashed circles in Figure 3a ) originating from Moorea which were already considered to be conglomerate during the field expedition in 2009. Sample No. 7 (Tables 1a and 2 ; marked with a dashed circle in Figure 3a) was originally considered to be in situ, however, this sample show an age of 20 years and is Figure 3a , dashed circles mark the corals which are either conglomerate or being displaced from their original positions. Samples marked with squares represent microatolls. In Figure 3b , all values have been corrected for their island specific subsidence rate.
Geochemistry, Geophysics, Geosystems actually supposed to be located at the modern msl rather than an elevation of 1.8 m apmsl. Hence, we consider this exceptional sample to be not in situ rather displaced or being a sampling artifact. Therefore, these samples as well as the samples considered to be conglomerate are arbitrarily neglected for further discussion. For later reconstruction of the apparent past sea level, the age and the elevation apmsl of microatolls is of certain interest (marked by squares in Figure 3 ). Sample No. 24 (HTai-9) and No. 25 (H-Tai-10) from Huahine as well as sample 45 (BB-MX 3/2) from Bora Bora represent such microatolls.
Subsidence Correction
These Society Islands are volcanic in origin and tend to subside as they move away from the asthenospheric bump and as a result of lithospheric cooling with age [McNutt and Menard, 1978] . Therefore, the islands near hot spot tend to subside more rapidly as they move down the slope of the asthenospheric bump compared to the islands which are further away from the hot spot region [McNutt and Menard, 1978; Rotondo, 1983a, 1983b] . In Figure 3a , it can be seen that the Moorea and Bora Bora corals tend to have the highest elevation whereas the Huahine corals tend to be at the most shallow positions apmsl. Latter observation may reflect differential subsidence rates of the three islands relative to each other as a function of the islands individual cooling which is assumed to be a function of the distance to the former volcanic hot spot. In order to approach the original sea level position during live time of the corals (''paleo-sea level''), the measured elevations of our samples have to be corrected by the subsidence of the studied islands.
For Moorea island which is located 130 km from the hot spot region [Blais et al., 2002] , we have applied a subsidence rate of 0.14 mm/yr according to . For Bora Bora island which is located 390 km away from the hot spot region the height apmsl is corrected by 0.05 mm/yr only which is the minimum subsidence rate of the Leeward islands in the Society Islands group . Although Huahine is located 140 km from Moorea, petrological analysis has claimed that Huahine have similar subsidence rate as Moorea island , therefore, the same correction for the subsidence rate was used for this island (Figures 3b, 4a, and 4b) . However, after correction, although they overlap within the error, Huahine corals still tend to indicate slightly shallower sea level positions compared to the other two islands. This may indicate that the Huahine subsidence rate is probably slightly higher than the applied rate of 0.14 mm/yr used here for corrections. Note that, our correction and their related uncertainty involves only the uncertainty of our measured sample elevations, because the information about uncertainties concerning the subsidence rates was not available from the cited studies of and . (ice-sheet model and Mantle profile) and the red solid curve represents the predicted rsl according to RSL-ICE-5G1VM2 (ice-sheet chronology and the viscosity profile). The dashed lines represent the eustatic sea levels. In general, solid curves represent the full result of the sea level equations which incorporates all the solid Earth and gravitational as well as rotational feedback. The dashed curves represent the hypothetical eustatic sea level change for each ice-sheet model. It can be seen that there is a general accord between theoretical predictions and observations. In particular, the microatoll positions are in general accord with the predictions. (b) Our empirical observations are compared with an earlier model ICE-3G ice sheet chronology (grey curve) of Mitrovica and Peltier [1991] . However, there is a general disagreement between the empirical data and this earlier model prediction.
Geochemistry, Geophysics, Geosystems In Figure 3b after subsidence correction the oldest sample data (No. 34, 5.38 6 0.03 ka) has reached an elevation of 1.50 6 0.40 m apmsl at Huahine island slightly below the highest coral at a position of 1.81 m apmsl of a coral from Huahine island (No. 33). The microatoll samples No. 24, 25 from Huahine show a subsidence corrected paleo-elevations of 0.57 6 0.40 m and 0.53 6 0.40 m apmsl (Figure 3) which is compatible to the paleo-elevation of the microatoll sample 45 from Bora Bora of 1.09 6 0.40 m apmsl. In particular for the microatoll, the position of the sea level is expected to be within few centimeters of the microatoll position [Smithers and Woodroffe, 2000] .
To our knowledge there are only a few measurements by from Bora Bora and Huahine which are directly pertinent to our study. We compare these older 14 C-based data with our data presented here after transformation of the 14 C ages to U/Th calendar year using the Calib radiocarbon calibration Program (Calib 6.11 program-Marine09) [Stuiver and Reimer, 1993] . Note, that U/Th ages are calendar year ages (2014) whereas 14 C ages are stratigraphic ages which have to be converted to calendar year ages by using a well-known 14 C-U/Th calibration curve by Stuiver and Reimer [1993] . . For conversion to calendar years reservoir age corrections have been applied between 350 and 400 years according to the geographical locations [Stuiver and Reimer, 1993] . All these earlier measurements are in general accord with our data presented here.
Numerical Modeling of the Society Island Sea level Curve(s)
Geophysical Model
To compute the mid to late Holocene GIA-induced rsl changes at the Society Islands we solve the gravitationally self-consistent Sea Level Equation (SLE) [Farrell and Clark, 1976; Mitrovica and Peltier, 1991] by means of the program SELEN [Spada and Stocchi, 2007] . Solving the SLE for a prescribed continental ice-sheet chronology and solid Earth rheology yields the space and time-dependent rsl change on a global scale [Wu and Peltier, 1983] . The solution of the SLE implies that the gravitational potential of the sea surface is always constant, i.e., that the sea surface corresponds to the equipotential surface of gravity named geoid [Farrell and Clark, 1976; Spada and Stocchi, 2007; Wu and Peltier, 1983] . This implies that ice-sheet thickness variations are compensated by equivalent ocean-averaged sea level variations (eustatic solution), and that the gravity vector is everywhere perpendicular to the sea surface. The two main ingredients of the SLE are (i) the icesheet chronology, which describes the ice-sheets thickness variation through time and (ii) the solid Earth rheological model, which describes the response of the solid Earth and of the geoid to ice-sheets thickness variation. We solve the SLE by means of the pseudospectral method, which allows a direct and fast spectral analysis [Milne and Mitrovica, 1998; Mitrovica et al., 1994; Mitrovica and Peltier, 1991] . For this purpose, the solid Earth and geoid deformations are implemented by means of the ''Normal Modes Technique'' as introduced by Peltier [1974] . The latter assumes a spherically symmetric, self-gravitating, rotating, and radially stratified solid Earth model [Spada et al., 2006] (Spada et al., Modeling sea level changes and geodetic variations by glacial isostasy: The improved SELEN code, submitted, 2012). The latter is a 1-D linear model and does not include lateral heterogeneities. The outer shell is elastic and mimics the lithosphere. Between the lithosphere and the inner inviscid core is the mantle. The latter can be discretized into n Maxwell viscoelastic layers. In this work we discretize the Earth's mantle into two layers, namely the upper mantle and the lower mantle. The lithosphere thickness and the viscosity of the mantle layers are the free parameters.
We employ and compare ICE-5G [Peltier, 2004] and RSES-ANU in global ice-sheets chronologies for the post-LGM deglaciation. The ice-sheets models describe the Late Pleistocene ice-sheets thickness variations until present day and have been constrained by means of geological and archaeological rsl data as well as present-day instrumental observations like GPS-derived vertical and horizontal crustal velocities and Satellite Gravimetry [Peltier, 2004] . Both ice-sheet models depend on the solid Earth rheological, in particular on the thickness of the elastic lithosphere as well as on the number and on the viscosity of Mantle viscoelastic layers which have been employed within the iterative process [Lambeck et al., 1998 ]. Hence, each ice-sheet model should be employed within the SLE with the accompanying Earth model [Lambeck et al., 1998; Peltier, 2004; Tushingham and Peltier, 1992] . Consequently, we combine ICE-5G chronology with VM2 viscosity profile. The latter is characterized by a 100 km thick elastic lithosphere and by an upper mantle viscosity of 5.0
Geochemistry, Geophysics, Geosystems 3 10 20 Pa and a lower mantle viscosity of 5.0 3 10 21 Pa [Peltier, 2004] . At the same manner we employ RSES-ANU ice-sheets model with a VKL mantle profile. The latter is characterized by a 65 km thick elastic lithosphere and by an upper mantle viscosity of 3.0 3 10 20 Pa and a lower mantle viscosity of 10.0 3 10 21 Pa [Lambeck et al., 2004] . Hereafter, we refer to the solutions for ICE-5G and VM2 as ICE-5G1VM2, and for RSES-ANU and VKL as RSES-ANU1VKL. We use ETOPO1 model for the initial topography and allow for the self-consistent variation of coastlines as well as for the near-field meltwater damping function Mitrovica, 1996, 1998 ]. Also, we include the rsl variations associated with fluctuations of the Earth's rotation vector [Milne and Mitrovica, 1998 ].
Predicted rsl Curves 5.2.1. Eustatic Sea level Change
We compare the rsl curves as predicted for Bora Bora according to RSL-ICE-5G1VM2 (red solid line) and RSL-RSES-ANU1VKL (black solid line), respectively (Figure 4a ). The red and black dashed curves represent the eustatic solutions according to ICE-5G and RSES-ANU, respectively. According to ICE-5G (red dashed line), the global mean sea level rises to almost the present position at 4.5 ka although some minor fluctuations occur still later (Figure 4a) . A different trend is expected according to RSES-ANU deglaciation, which results in a monotonous sea level rise until present (black dashed line, Figure 4a ). For the period under consideration, the main difference between the two eustatic curves depends on the different deglaciation of the Antarctic ice-sheet component in the two global ice-sheets chronologies. While the melting of the Antarctic ice-sheet ends at 4.5 ka in ICE-5G, in RSES-ANU it continues until present day.
Predicted RSL at Society Islands
Both ice-sheets models result in a 2.0 m rsl highstand which is then followed by a drop until present mainly driven by the ocean siphoning effect. In particular, RSL-RSES-ANU1VKL (black solid line in Figure 4a ) results in a more peaked highstand at 6 ka, which is then followed by an almost linear rsl drop. The latter is almost specular to the eustatic curve, implying that the local GIA response is significantly stronger than the rate of meltwater release. The RSL-ICE-5G1VM2 model (red solid line) instead, results in an almost stable highstand from about 7.5 ka until 5.0 ka, which is then followed by a short-term rise peaking up at 4.5 ka, when most of the melting ceases. Despite the differences in ice-sheets models and mantle viscosity profiles, our modeled rsl curves show an almost undistinguishable rsl drop after 4.0 ka as a function of the ocean siphoning effect.
While for RSL-ICE-5G1VM2 the rsl drop starts by the very end of the melting phase (4.5 ka), the regression predicted according to RSL-RSES-ANU1VKL starts earlier when 1.8 m of equivalent sea level are still to be released to the oceans from Antarctica. Our GIA modeling results confirm the strength of the ocean siphoning effect, summed to the increase of ocean area due to ice-sheets waxing and flooding of coastal areas, is large enough to fully cloak the eustatic rise.
Comparison Between Theoretical Data and Empirical Observations
Factors Influencing Sea Level Height Observations
In general, Porites corals grow from very close to sea level to 25 m below sea level [Cabioch et al., 1999; Carpenter et al., 2008; Pratchett et al., 2013] . Therefore, fossil coral reef cores do not necessarily provide precise constraints on the position of local sea level because of their considerable range of vertical growth. From these arguments, it is clear that we cannot unambiguously establish the actual local sea level curve from sea level observations derived from corals alone. However, we can infer that the Late Holocene sea level curve must have reached a significant height above the present sea level position at this locality and that the true sea level must lie above the corals position. Microatolls are the exception because microatolls are formed at the actual sea level position and may even fall dry during low tides. Following this approach, we infer that any theoretical predicted sea level curve as modeled in the frame of this project must lie at certain distance above the dated corals but with an almost zero distance for a microatoll.
The comparison of our data with our numerical modeling predictions (Figure 4a ) shows in general good agreement. In particular, the microatoll sample No. 45 from Bora Bora lies directly along both predicted rsl curves, while Huahine microatolls Nos. 24 and 25 are situated 0.3 m below the theoretical curve.
The scatter in the sea level amplitude as seen from our data may therefore be a function of the differences in the coral's position relative to the sea surface and the differences in the subsidence rate. Considering the Geochemistry, Geophysics, Geosystems (Figures 3b, 4a, and 4b) . From the microatoll study of Christmas island, Woodroffe et al. [2012] have observed that although microatolls mark the sea level within few centimeters, they still may show significant differences in elevation as a function of their position in the island. This is probably caused by a differential geoid distortion as a function of the local gravitational field varying as a function between different parts of the island or attenuation of tidal amplitude of the samples collected in the lagoonal areas. Our data can neither support nor preclude the presence of tidal attenuation or geoidal gradient in French Polynesia.
Comparison of Empirical to Modeled Data
The model-based amplitudes are in general accord with the empirical data concerning the maximum amplitude of 2 m and the timing of the rsl at least for the decline of the Holocene sea level from the highstand to the present-day position. Note, from our rsl data we cannot distinguish which of the ice-models (RSL-ICE-5G1VM2 or RSL-RSES-ANU1VKL), fits best the observations. This is because there are no data available older than 5.5 ka necessary for such a specific model verification.
Although most of the samples lie below the predicted rsl curves, a few data mostly from Moorea and Bora Bora lie slightly above the predictions. We may argue the applied subsidence correction of 0.14 mm/yr for the Moorea corals has been over estimated and the smaller rate is more suitable. We may also argue that the GIA model should be improved by changing the solid Earth model parameters taking into account the local distortions of the geoid, i.e., mantle viscosity values, lithospheric thickness, or even the ice-sheets chronology, or that these corals are not in situ and rather have been displaced from their original positions. In contrast, the applied subsidence correction for Huahine which is also pending independent verification is in general agreement with the theoretical predictions and the other empirical data in general.
In Figure 4b , we also compare the empirical data of this study with earlier model predictions of Mitrovica and Peltier [1991] who employed ICE-3G ice-sheet chronology. According to ICE-3G, the postglacial rsl reached modern position approximately 2.5 ka later and resulted in a highstand which is 1 m higher than suggested in this study. It can be seen that most of the empirical data fall within the frame provided by the Mitrovica and Peltier [1991] curve and are in general accord with our findings. However, none of the microatoll positions (Nos. 24, 25, 45, marked by squares) are on or close to the Mitrovica and Peltier [1991] model curve indicating that the rsl amplitude may be overestimated at these points. In addition, all Huahine corals older than about 4.5 ka (Nos. 21, 22, 26, 33, 34, 37) are also plotting outside the predicted rsl-frame being in contrast to our expectations. Our results support the improvements occurred from the earlier ICE-3G [Tushingham and Peltier, 1992] to the more recent ICE-5G ice-sheet model [Peltier, 2004] .
Conclusions
Collected in situ fossil corals from the Society Islands, French Polynesia clearly indicate that the local Late Holocene sea level there was higher between at least 5.4 ka until the recent past.
Reconstruction of sea level positions based on dated corals is hampered by the relative wide depth range for coral growth in the water, the subsidence rate of the islands where sample are collected and the gravitational geoid deformation of the local sea level height. Both the predicted rsl curves RSL-ICE-5G1VM2 and RSL-RSES-ANU1VKL (Figure 4a ) are in general accord with our empirical data concerning sea level amplitude and timing. In particular, the available microatoll age (No. 45) from Bora Bora is in full support of both model curves after the Holocene sea level highstand.
The available empirical data cannot distinguish between ICE-5G1VM2 and the RSES-ANU1VKL ice-sheet model because no age data are available for corals older than 5.5 ka due to island subsidence.
Both empirical data and modeling indicate that Society Island sea level dropped by 2 m since the Holocene maximum at 4.5 ka BP corresponding to a rate of about 0.4 mm/yr. This value has to be considered when sea level rise due to modern global climate change is considered.
